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Radicle development(s)
Genetic and anatomical analyses of the developing
Arabidopsis embryogenic root reveal that stereotypic patterns
of cell division are not required for pattern formation.
The dissection of root development in Arabidopsis has
made significant progress during the past year. While
some facets of this analysis may excite only those inter-
ested in rooty idiosyncrasies, others bear on fundamental
questions of metazoan development, such as the relation-
ship between the patterns of cell division and related
morphogenetic events and the generation of the basic
body plan - in this case, the radial organization of root
tissues. Collectively, several recent papers demonstrate
that these processes operate independently in Arabidopsis
root development [1-4].
Earlier anatomical studies of Arabidopsis root development
focused on cell-division patterns initiated from the root
apical meristem during seedling growth. These studies
revealed an amazing uniformity of cell number per tissue
layer, implying that a strict choreography underlies these
cell divisions [5]. Invariant division patterns are not an
obligatory feature of plant root organogenesis, but the
basic radial organization of the root into vascular, ground
and dermal tissues, along with their entourage of specific
cell types, is well preserved [6].
The discovery of stereotypic cell divisions, together with
the identification of a mutant called sllortroot, which is
perturbed in the formative cell division that initiates the
endodermal cell file [7], raised the question of whether
pattern formation in Arabidopsis root development is
dependent on specific patterns of cell division. Pattern
formation - the process by which the various cells, tissues
and organs of the adult body originate at specific positions
in order to generate a functioning organism - takes place
primarily during embryogenesis in plants (as in animals)
[8]. Therefore, the detailed analysis of cell-division patterns
during Arabidopsis embryogenesis, and their perturbation
in mutants with defective body plans, should provide a
framework for addressing the relationship between these
two basic developmental processes by genetic analysis.
To trace the origin of stereotypic cell-division patterns in
Arabidopsis roots, Scheres and collaborators [2] have
recently dissected the development of the radicle, or
embryonic root, by anatomical and lineage analyses. The
radicle, with the shoot-forming hypocotyl, defines the
apical-basal embryonic axis; the purpose of radicle devel-
opment is to construct the root apical meristem, the
post-embryogenic perpetrator of root organogenesis.
After fertilization, the wild-type Arabidopsis zygote
divides asymmetrically to generate the terminal cell and
the basal cell [9]. The basal cell subsequently spawns the
suspensor, the uppermost cell (the hypophysis) of which
gives rise to the central and root-cap cells of the root api-
cal meristem [5]. The terminal cell forms the embryo
proper, and by the octant stage has generated an upper
(ut) and a lower (t) tier of cells. The upper tier is fated to
form the shoot apical meristem and the bulk of the
cotyledons. All subsequent divisions of lower tier pro-
geny during Arabidopsis embryogenesis are very regular,
but as with the stereotypic patterning of primary root
cell divisions, such patterns are not the rule among
higher plants [10].
By the triangular stage of embryogenesis (Fig. 1), the
lower tier divides into the upper lower tier (ult) and the
lower lower tier (llt), the latter giving rise to all cells of
the radicle and the hypocotyl. These anatomical observa-
tions were confirmed by Scheres et al.'s lineage analysis
[2]. By the triangular stage, the basic radial organization
into vascular, ground and dermal layers is complete [2].
Stereotypic anticlinal, periclinal and radial cleavages rap-
idly increase the number of tiers to four or five, and the
number of cell files approaches that of the fully devel-
oped seedling in most layers by the late heart stage [2,3].
Concomitantly, the progeny of the hypophyseal cell fol-
low an equally strictly scripted regular pattern of divi-
sions to complete the organization of the central cells and
root cap by the torpedo stage of embryogenesis.
At first glance, the observation that the post-embryonic
stereotypic patterns of division, generated by the activity
of the root apical meristem, are preceded by equally regu-
lar embryonic patterns of division does not greatly
advance our understanding of the relationship between
pattern formation and cell-division patterns. Before exam-
ining the effects of mutations disrupting patterning func-
tions on these cell-division patterns, a closer inspection of
the pattern of formative divisions in the developing lower
lower tier (Fig. 1) is warranted.
Cell divisions in which the daughter cells follow separate
developmental trajectories, for example to establish the
endodermal and cortical lineage, are particularly impor-
tant in development and are known as formative divi-
sions. The founder cell of a separate lineage in the plant
root is termed the initial, and these initials are arranged
around the central cells in the post-embryonic root
meristem [5]. Formative divisions in the developing
radicle, however, do not originate from initials adjacent
to the central cells but from distal positions, from which
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Fig. 1. Progressive stages in the development of the embryonic root in Arabidopsis. Tiers derived from globular stage cleavages are:
ut, upper tier; ult, upper lower tier; lit, lower lower tier; hyp, hypophyseal. Formative divisions are indicated in red, and the red arrows
indicate the direction of their progression.
the succession of cleavages converges onto the incipient
meristem. Furthermore, the file of cells through which
this wave proceeds need not be clonally related (Fig. 1)
[2,3]. Thus, the ontogeny of formative cell divisions
supports the notion that patterning is an organismal
process that does not originate from the central cells of
the incipient meristem.
The technical difficulty of exactly determining the api-
cal termini of clonal cell files during lineage analysis [2]
means it has not been possible to answer the question of
the extent to which the cell-division activity of initials
and their derivatives in the incipient root apical meris-
tem fuels radicle development. However, the recent iso-
lation by Sung and collaborators [11] of two Arabidopsis
root mutants, root meristemless I and 2 (rmll and rml2),
which develop an anatomically complete radicle but are
subsequently unable to activate the nascent root apical
meristem at germination, argues against the notion that
the programs governing root meristem activity after
germination contribute to radicle development.
In rmll mutants, lateral root primordia are initiated from
the pericycle (Fig. 1), but these arrest at a stage indistin-
guishable from that at which the radicle arrests in the
germinating seedling. The rmill mutant also provides
genetic evidence that lateral root induction involves a
regulatory network distinct from that governing post-
embryonic root meristem activity, which is not that
unexpected as radial and apical-basal patterning is reca-
pitulated during lateral root induction. This is confirmed
by the observation that the morphological phenotype of
all mutants with aberrant radial patterning (described
below) is reiterated in lateral roots or when roots are
induced in vitro [3].
Anatomical studies provide a framework for understand-
ing the effects of mutations in pattern-formation genes
on cell-division patterns. Genetic analysis in Arabidopsis
provides evidence that these processes operate at different
levels. The transparent testa glabrous (ttg) mutant lacks
stereotypic cell-division patterns in the post-embryonic
root meristem (the analysis of the radicle phenotype of
the mutant has not yet been reported) [4], but the radial
organization of the root produced by this meristem is
unaffected. Likewise, mutations in the FASS (FS) gene
randomize patterns of cell division and morphology, and
produce supernumerary cells in the developing radicle,
which leads to the enlargement of the vascular cylinder
and multiple cortical cell layers, but without disrupting
radial pattern formation [1,3].
The post-embryonic and embryonic phenotypes of addi-
tional radial patterning mutants have now been character-
ized [3]; scarecrow (scr) and pinocchio (pnc) mutants possess
only one of the ground tissue layers, but in contrast to
the previously described shortroot (slhr) mutant [7], retain
the endodermal layer. The root vascular system of wooden
leg (ol) seedlings contains fewer cells, all of which differ-
entiate into xylem [3]. Ingollurm (gnm) seedlings, the regu-
lar organization of phloem, xylem and pericycle is dis-
rupted. These mutant phenotypes extend through all
tissues derived from the embryonic axis, and can be
traced back to the absence of specific cell divisions [3].
The Arabidopsis root has single layers of epidermal, corti-
cal, endodermal and pericycle cells with constant cell
numbers [5], and so the two mutant classes - with
excess or deficient cell production - provide the means
to test genetically whether radial patterning defects are
caused simply by the lack of cells to generate the missing
pattern elements. In all double mutant combinations, is
epistatic to the other mutations in its effects on the pro-
duction of excess and distorted cells. However, in terms
of positional specification, slr is epistatic to fi, whereas/s
is epistatic to scr and wol [3]. While no marker has been
identified that would be suitable for unequivocally char-
acterizing the identity of the supernumerary cell layers in
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thefs scr double mutant, the additional vascular cell divi-
sions in the putative fs ol double mutant restores the
presence of all morphologically distinguishable cell types
in the vascular cylinder. Thus, the wild-type products
encoded by the loci described above are likely to operate
at different levels during root development.
The observation that the implementation of positional
information is not shackled by patterns of cell division,
nor significantly restrained by cell morphology, is funda-
mental to understanding the underlying potential and
constraints for the evolution of the body architecture of
multi-cellular organisms. The identification of additional
pattern mutants and the molecular cloning of the genes
involved will ultimately illuminate the underlying devel-
opmental mechanisms and provide tools to experimentally
test hypotheses about metazoan evolution.
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